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062301-2 We report the ﬁrst observations of the ﬁrst ha rmonic (directed ﬂow, v1) and the fourth ha rmonic (v4), 
in the azimuthal distribution of pa r ticles with respect to the reaction plane in Au + Au collisions at the 
BNL Relativistic Heavy Ion Collider (RHIC). Both measurements were done ta king advantage of the 
la rge elliptic ﬂow (v2) generated at RHIC. From the cor relation of v2 with v1 it is determined that v2 is 
positive, or in-plane. T he integrated v4 is about a factor of 10 smaller than v2. For the sixth (v6) and
eighth (v8) ha rmonics upper limits on the magnitudes a re reported. 
DOI: 10.1103/ PhysRevLett.92.062301 PACS numbers: 25.75.Ld collisions [1]. It is com monly studied by measuring the bea m energies [7]. At RHIC energies directed ﬂow in the Anisotropic ﬂow, an anisotropy of the pa r ticle azimu­
thal distribution in momentum space with respect to the 
reaction plane, is a sensitive tool in the quest for the 
qua rk-gluon plasma and the understanding of bulk prop­
er ties of the system created in ultra relativistic nuclea r Fourier ha rmonics (vn) of this dist ribution [2]. Elliptic 
ﬂow, v2, is well studied at RHIC [3 – 5] and is thought to 
reﬂect conditions from the ea rly ti me of the collision. 
Directed ﬂow, v1, was discovered almost 20 yea rs ago [6] 
and has been extensively studied and reviewed at lower 062301-2
 
week ending P H  Y S I C A  L  R  E  V I  E  W  L  E  T  T  E  R S  VOLU ME 92, NU MBER 6 13 F EBRUARY 2004 cent ral rapidity region reﬂects impor tant feat ures of the 
system evolution from its initial conditions. v1 is pre­
dicted to be small nea r midrapidity with a lmost no de­
pendence on pseudorapidity. However, it could exhibit a 
cha racteristic ‘‘wiggle’’ [8], depending on the ba r yon 
stopping and production mechanisms as well as strong 
space-moment um cor relations in the system’s evolution. 
A simila r rapidity dependence of directed ﬂow could 
develop due to a change in the mat ter compressibility 
if a qua rk-gluon plasma is formed [9,10]. It results in 
the so-called third ﬂow component [9] or ‘‘antiﬂow’’ 
[10] component in the expansion of the mat ter. T his ex­
pansion direction is opposite t he normal directed ﬂow. v1 
has not previously been repor ted at RHIC. 
T he impor tance of the higher ha rmonics in under­
standing the initia l conﬁguration and the system evolu­
tion has been emphasized [11]. Recently, Kolb [12] 
repor ted that the magnitude and even the sign of v4 are 
more sensitive than v2 to initial conditions in the hydro­
dyna mic calculations. T hose higher ha rmonics reﬂect the 
details of the initial conﬁguration geomet r y. Besides 
one ea rly measurement at the Alternating Gradient 
Synch rotron [13], repor ts of higher ha rmonics have not 
previously been published. 
Experiment.—T he data come from the reaction Au + pNNNNNNNN
Au at sNN = 200 GeV. T he STAR detector [14] ma in 
ti me projection cha mber (T PC [15]) and two forwa rd 
T PCs (F T PC [16]) were used in t he analysis. For the 062301-3 higher ha rmonics 2 X 106 events in the ma in T PC were 
analyzed. For the ﬁrst ha rmonic ana lysis there were 
70 000 events available which included the FT PCs. 
In this analysis the main T PC covered pseudorapidity 
(7) from -1:2 to 1.2, while two F T PCs covered -4:2 to 
-2:4 and 2.4 to 4.2. T he low t ransverse moment um (pt) 
cutoff was 0:15 GeV=c. In the present work all cha rged 
pa r ticles were analyzed, rega rdless of their pa r ticle type. 
T he cent rality deﬁnition in this Letter is t he sa me as used 
previously by STAR [17]. T he er rors presented in t he 
ﬁgures a re statistical. 
Analysis.—T he difﬁculties in studying directed ﬂow 
a re that the signal is small and the nonﬂow contribution 
to the two-pa r ticle azi muthal cor relations can be compa­
rable to or even la rger than the cor relations due to ﬂow. To 
suppress the nonﬂow effects, the cur rent ana lysis uses t he 
knowledge about the reaction plane derived from t he 
la rge elliptic ﬂow. One method for eliminating the non-
ﬂow cont ribution in a case when the reaction plane is 
known was proposed in [2]. It was noted that while t he 
cor relations of t he components of the (ﬁrst ha rmonic) 
ﬂow vectors in t he reaction plane conta in both ﬂow and 
nonﬂow contributions, the cor relations of the components 
perpendicula r to the reaction pla ne contain only nonﬂow 
contributions. T hen the difference yields the ﬂow contri­
bution. Cor relating the azimuthal angles of two pa r ticles 
(¢a;¢b), and using the event plane determined by elliptic 
ﬂow ('2) one gets hcos(¢a -'2) cos(¢b -'2) - sin(¢a -'2) sin(¢b -'2)i = hcos(¢a + ¢b - 2'2)i = v1;av1;bhcos(2('2 -'RP))i; 
(1) where 'RP is the azimuthal angle of the reaction plane. If 
only one pa r ticle is used to determine the second ha r­
monic event plane, this expression reduces to 
hcos(¢a + ¢b - 2¢c)i = v1;av1;bv2;c; (2) 
which is t he basic formula of t he th ree-pa r ticle cor rela­
tion met hod of Borghini, Din h, a nd Ollitrault [18]. T he 
a nalysis of directed ﬂow in this Letter is performed using 
this th ree-pa r ticle cumula nt method [18]. T he analyses 
for v4, v6, and  v8 were done relative to the second 
ha rmonic event plane using the met hod described in 
Refs. [2,19], with the event plane resolution calculated 
from Eq. (11) of Ref. [2] wit h k = 2, 3,  or  4. Note that this 
approach in many aspects is ver y simila r to the analysis 
of directed ﬂow described above as it also involves th ree 
(for v4, and four for v6) pa r ticle cor relations. For ex-
a mple, for the four th ha rmonic ﬂow (approximately, for 
the exact relations actually used in the a nalysis, see [2]), 
2hcos(4¢ - 4'2)i = v2v4N=2; (3) 
where N is the total number of pa r ticles used to determine 
the second ha rmonic event plane. T his expression should 
be compa red to Eq. (2). Results obtained with this met hod we designate by v4fEP2g. T he analysis for v4 was also 
done wit h th ree-pa r ticle cumulants [20] by measuring 
hcos(2¢a + 2¢b - 4¢c)i. 
v1 results.—Figure 1 shows the results in compa rison to 
the lower bea m energy data at the Super P roton 
Synch rotron (SPS) of NA49 [21]. T he NA49 data a re 
also replotted so as to be at t he sa me distance from 
bea m rapidity [22] as the STAR results. T he RHIC 
v1(7) results differ greatly from the unshifted SPS data 
in that they a re ﬂat nea r midrapidit y and become signiﬁ­
cant only at the highest rapidities measured. However, 
when plot ted in the projectile fra me relative to their 
respective bea m rapidities, they look simila r. It should 
be noted that, at the SPS energies of 40A and 158A GeV 
[21], this y - ybeam scaling does not work, but y=ybeam 
scaling does. In the pseudorapidit y region j7j < 1:2, 
v1(7) is approximately ﬂat with a slope of [-0:25 ± 
0:27(stat)]% per unit of pseudorapidity, which is consis­
tent with predictions [8 –10]. 
Note that the sign of v1 is undetermined because v1 
enters as the squa re in Eq. (2). We have plot ted v1 in the 
positive hemisphere going negative towa rd bea m rapidity 
as it does at the lower bea m energy. In the NA49 ana lysis 062301-3
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FIG. 1 (color online). T he values of v1 (sta rs) for cha rged 
pa r ticles for 10% to 70% centrality plotted as a function of 
pseudorapidity. Also shown a re the results from NA49 (tri­
angles) for pions from 158A GeV Pb + Pb midcentral (12.5% 
to 33.5%) collisions plotted as a function of rapidity. T he open 
points have been reﬂected about midrapidity. T he NA49 points 
have also been shifted (circles) plus or minus by the difference 
in the bea m rapidities of the two accelerat ors. T he dashed lines 
indicate midrapidity and RHIC bea m rapidity. Both results a re 
from analyses involving th ree-pa r ticle cumulants, v1f3g. [21] the sign of v1 had been determined by deﬁning v1 
for protons nea r bea m rapidity to be positive for periph­
era l collisions. On the other hand, since the measured 
cor relation of Eq. (2) is positive, we ca n conclude that 
we have measured the sign of v2 to be positive. W hile the 
absolute values of v2 at RHIC a re well determined [3 – 5], 
this is the ﬁrst direct indication that the elliptic ﬂow at 
RHIC is in-plane. 
v4 results.—T he results as a function of pt a re shown in 
Fig. 2 for minimum bias collisions (0% – 80% centrality). 
Shown for v4 a re both the analysis relative to the second 10 
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FIG. 2 (color online). T he minimum bias values of v2, v4, 
and v6 with respect to the second harmonic event plane as a 
function of pt for j7j<1:2. T  he  v2 values have been divided by 
a factor of 2 to ﬁt on scale. Also shown a re the th ree pa r ticle 
cumulant values (triangles) for v4 (v4f3g). T he dashed curves 
are 1:2v2 and 1:2v3 2 2. 
062301-4 ha rmonic event plane, v4fEP2g, and the th ree-pa r ticle 
cumulant, v4f3g. Both methods determine the sign of v4 
to be positive. As a function of pt, v4 rises more slowly 
from the origin than v2, but does ﬂatten out at high pt li ke 
v2. T  he  v6(pt) values a re consistent with zero. T he hydro­
dyna mic calculations of Kolb [12] for pions from b = 
7 f  m  collisions agree ver y well with our measured v4 for 
cha rged pa r ticles for cent rality 20% to 30%. However, he 
calculates v6 to be -1:2% at 2 GeV=c, while we observe 
in Fig. 2 for minimum bias data that it is essentially zero. 
It also appea rs to be zero in our data for all the individua l 
centralities. Ollitrault has proposed [23] for t he higher 
n=2ha rmonics that vn might be propor tional to v2 if the ¢ 
distribution is a smooth, slowly va r ying function of 
cos(2¢). In order to test the applicability of t his scaling, 
we have also plotted v2 and v3 in the ﬁgure as dashed 2 2 
lines. T he propor tionality constant has been ta ken to be 
1:2 in order to ﬁt the v4 data. 
Kolb [12] points out that for v2 > 10%, which occurs 
at high pt, and no other ha rmonics, the azimuthal distri­
bution is not elliptic, but becomes ‘‘peanut’’ shaped. He 
calculates the a mount of v4 (which looks like a four-lea f 
clover) needed to eliminate this waist. Our values of v4 as 
a function of pt a re about a factor of 2 la rger than needed 
to just eliminate this waist. 
T he results for v4 as a function of pseudorapidity a re 
approximately ﬂat in the acceptance of the main T PC 
(j7j<1:2) with an average va lue of (0:44 ± 0:02)%. 
However, in the F T PCs (2:7<j7j<4:0) the average value 
is (0:06 ± 0:07)%, consistent with zero, with a two sigma 
upper limit of 0.2%. Consistent with the ﬁrst observation 
by PHOBOS [5], at 7 = 3 for minimum bias collisions 
we observe v2 = (3:06 ± 0:10)%, which is a factor of 1.8 
smaller than at midrapidity. T hus, v4 seems to fall off 
faster at high rapidit y than v2. T his faster falloff at high 
2pseudorapidity is also consistent with v4 scaling like v2. 2 
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FIG. 3 (color online). T he pt- and  7-integrated values of v2, 
v4, and  v6 as a function of centrality. T he v2 values have been 
divided by a factor of 4 to ﬁt on scale. Also shown a re the th ree 
pa rticle cumulant values for v4 (v4f3g). T he dotted histogra ms 
are 1:4v2 and 1:4v3 2 2. 
062301-4
 
week ending P H  Y S I C A  L  R  E  V I  E  W  L  E  T  T  E  R S  VOLU ME 92, NU MBER 6	 13 F EBRUARY 2004 
 Figure 3 shows t he cent rality dependence for 
pt-integrated v2, v4, and  v6 with respect to the second 
ha rmonic event plane and also v4 from th ree-pa r ticle 
cumulants (v4f3g). T he ﬁve-pa r ticle cumulant, v4f5g
(not shown in the ﬁgure), is consistent with both met hods, 
but the er ror ba rs a re about 2 times la rger. T he v6 values 
a re close to zero for all centralities. T hese results a re 
averaged over pt, thus reﬂecting mainly the low pt region 
where the yield is la rge, and also averaged over 7 for 
the midrapidity region accessible to t he STAR T PC 
n=2(j7j<1:2). To again test t he applicabilit y of v scaling 2 
2 3we have also plotted v and v in the ﬁgure as dotted 2 2 
histogra ms. T he propor tionality constant has been ta ken 
to be 1:4 to approximately ﬁt the v4 data. T he la rger 
constant here compa red to that used in Fig. 2 is under­
stood as coming from the use of the squa re of the average 
instead of the average of the squa re, and because the 
integrated values yield-weight low pt more, where the 
best factor is slightly la rger. 
The vnfEP2g values averaged over pt and 7 (j7j<1:2), 
a nd also cent rality (minimum bias, 0% – 80%), a re (in 
percent) v2 = 5:18 ± 0:005, v4 = 0:44 ± 0:009, v6 = 
0:043 ± 0:037, a  nd  v8 = -0:06 ± 0:14. Since v6 is essen­
tially zero, we place a two sigma upper limit on v6 of 
0.1%. Also, v8 is zero, but t he er ror is la rger because the 
sensitivit y decreases as the ha rmonic order increases. 
Systematic uncer tainties.—In both approaches, v4f3g
and v4fEP2g, the nonﬂow effects a re suppressed com­
pa red to the case where the four th ha rmonic event pla ne 
is used. T he rema ining nonﬂow cor relations, along with 
event -by-event ﬂow ﬂuctuations, a re thought to be the 
major contributors to the systematic uncer tainties. Back­
ground from seconda r y pa r ticles is expected to be less 
than 15%, and remaining acceptance effects a re mea­
sured to be ver y small. All er rors and limits quoted so 
fa r a re statistica l, and should be increased by the system­
atic uncer tainties below. 
From nonﬂow effects we estimate the relative system­
atic uncer tainty in v4f3g to be about 20%. T he la rgest 
contribution comes from situations in Eq. (3) where one 
pa r ticle is cor related with one of t he other pa r ticles due to 
nonﬂow, and with the third pa r ticle via ﬂow. Our estimate 
is based on the assumption that the entire di fference in the 
published values [3] of v2fEP2g and v2f4g is due to non-
ﬂow effects. Compa rison of v4f3g to v4f5g leads to a 
simila r estimate for this systematic er ror. 
From nonﬂow effects we estimate the relative system­
atic uncer tainty in v1f3g also to be about 20%. Our 
estimate is based on the assumption t hat our two-pa r ticle 
cor relation value of v1 using only the ﬁrst ha rmonic event 
pla ne in the F T PCs, v1fEP1g, of about 3% is entirely due 
to nonﬂow effects. 
T he other effect impor tant for the compa rison of our 
results to theoretica l calculations is event-by-event ﬂow 
ﬂuctuations. As was discussed [3], ﬂow measurements a re 
done by two or many pa r ticle cor relations, resulting in 062301-5	 knot hvni but hv i1=k. If ﬂow ﬂuctuates event by event, it 
could lead to a difference between these two quantities. 
Fluctuations in the initial geometr y of the collision at 
ﬁxed impact pa ra meter can account for the difference be­
tween v2fEP2g and v2f4g [3], and also between v4fEP4g
and v4f3g [24]. Although the ﬂow ﬂuctuation contribution 
to v4f3g is greatly reduced, it still could lead to an effect 
of about a factor of 1.2 to 1.5. 
Conclusions.—We have presented the ﬁrst measurement 
of v1 at RHIC energies. v1(7) is found to be approxi­
mately ﬂat in the midrapidity region, which is consistent 
with microscopic transpor t models, as well as hydrody­
na mical models where the ﬂatness is associated with t he 
development of the expansion in the direction opposite to 
the normal directed ﬂow. Within er rors we do not observe 
a wiggle in v1(7) at midrapidity. T he pseudorapidity 
dependence of v1 in the projectile fragmentation region 
is ver y simila r to that observed at full SPS energy. We 
observe a positive cor relation between t he ﬁrst and second 
ha rmonics, indicating that elliptic ﬂow is in-plane. T his is 
the ﬁrst direct measurement at RHIC of the orientation of 
elliptic ﬂow relative to the reaction plane. 
We have measured v4 as a function of pt, 7, and
centrality. We observe that v4 appea rs to scale approxi­
2 
n 
mately as v , as a function of pt, 7, and cent rality. v6,2 
although essentially zero, is not inconsistent with scaling 
as v3 2. T his is the ﬁrst measurement of higher ha rmonics 
at RHIC, and it is expected that these higher ha rmonics 
will be a sensitive test of the initia l conﬁguration of t he 
system, since they provide a Fourier analysis of the shape 
in moment um space which ca n be related back to t he 
initial shape in conﬁguration space. In fact, it has been 
emphasized that v4 has a stronger potentia l than v2 to 
constrain model calculations and ca r ries valuable in for­
mation on the dyna mica l evolution of the system. 
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